In bacteria, the production of exopolysaccharides-polysaccharides secreted by the cells into their growth medium-is integral to the formation of aggregates and biofilms. These exopolysaccharides often form part of a matrix that holds the cells together. Investigating the bacterium Sinorhizobium meliloti, we found that a mutant that overproduces the exopolysaccharide succinoglycan showed enhanced aggregation, resulting in phase separation of the cultures. However, the aggregates did not appear to be covered in polysaccharides. Succinoglycan purified from cultures was applied to different concentrations of cells, and observation of the phase behaviour showed that the limiting polymer concentration for aggregation and phase separation to occur decreased with increasing cell concentration, suggesting a 'crowding mechanism' was occurring. We suggest that, as found in colloidal dispersions, the presence of a non-adsorbing polymer in the form of the exopolysaccharide succinoglycan drives aggregation of S. meliloti by depletion attraction. This force leads to self-organization of the bacteria into small clusters of laterally aligned cells, and, furthermore, leads to aggregates clustering into biofilm-like structures on a surface.
INTRODUCTION
In the laboratory, pure cultures of bacteria are often grown as dispersed single cells. However, bacteria can also form aggregates. During wastewater treatment, for example, bacteria form multi-species aggregates that break down organic waste. Bacteria also colonize surfaces, forming microcolonies and aggregative structures known as biofilms. Integral to aggregation is the production of exopolysaccharides by the bacteria; for example, observations of bacterial aggregates from wastewater treatment by electron microscopy showed the presence of extracellular fibrils that were later confirmed to be polysaccharides [1] [2] [3] [4] [5] [6] , and, more recently, studies of Agrobacterium species [7] [8] [9] [10] , Rhizobium leguminosarum [11] [12] [13] , Xanthomonas campestris [14] and Sinorhizobium meliloti [15, 16] have shown that mutants affected in exopolysaccharide production have altered aggregation and biofilm formation.
The principles of soft condensed matter physics can be applied to understanding how bacterial aggregates form; cultures of non-motile bacteria are effectively colloidal dispersions, and many mechanisms that underlie the stability of colloidal dispersions will be relevant to bacterial cultures [17] . Polymers can contribute to the destabilization of colloidal dispersions via two generic mechanisms: polymer bridging and depletion attraction. Polymer bridging occurs when polymers adsorb to multiple colloidal particles and draw them together. The presence of an extracellular matrix composed of polysaccharides around many bacterial aggregates suggests that polymer bridging often occurs [18] . On the other hand, depletion attraction relies on non-adsorbing polymers, which give rise to an entropic force because clustering of the colloidal particles increases the total entropy of the system by increasing the entropy of the polymers. This is illustrated in figure 1. In such a mixture, the centre of a polymer coil (represented as small circles in figure 1 ) cannot approach the surface of a particle (larger spherocylinders in figure 1 ) by a distance less than the size of its own radius (as measured, for example, by its radius of gyration, r g ): doing so would restrict the configurational freedom of the polymer coils and result in loss of entropy. Each particle can therefore be considered as surrounded by a 'depletion zone' (delineated by dashed lines in figure 1 ). As two nearby particles come closer and increase the region of overlapping depletion zones, the volume of space available to the polymer molecules increases, thus increasing the entropy of the latter, leading to a state of lower free energy. In cultures of bacteria producing exopolysaccharides, which are differentiated from other polysaccharides such as capsular polysaccharides by the fact that they are secreted into the medium rather than being attached to the outer membrane [19, 20] , this mechanism will operate.
Here, we investigate aggregation in cultures of the bacterium Sinorhizobium meliloti. Under most conditions, the laboratory strain of S. meliloti, Rm1021, produces the exopolysaccharide succinoglycan, which is a polymer of an octasaccharide that consists of one galactose and seven glucose molecules with acetyl, succinyl and pyruvyl modifications [21] . Sinorhizobium meliloti can also produce a second exopolysaccharide, EPSII or galactoglucan, but only in strains that have a functional expR gene; Rm1021 does not produce EPSII under most conditions as it carries an insertion sequence in the expR gene, which is therefore not functional. The succinoglycan biosynthetic pathway has been extremely well characterized from a set of Rm1021 mutants. We have used these mutants to investigate how altering succinoglycan biosynthesis affects aggregation in these cells, and have found that overproduction of succinoglycan can lead to aggregation by depletion attraction.
MATERIAL AND METHODS

Bacterial strains and culture media
The S. meliloti and Escherichia coli strains used in this study are listed in tables 1 and 2, respectively. Sinorhizobium meliloti strains were grown routinely at 308C in LB MC (Luria -Bertani broth supplemented with 2.5 mM CaCl 2 .2H 2 O and MgSO 4 .7H 2 O). Initially, 5 ml cultures were grown in test tubes in LB MC for 24 h (with the addition of antibiotic relevant for that strain), after inoculating a single colony from an LB MC agar plate. This culture was then sub-inoculated into fresh LB MC at OD 600 0.1, followed by incubation to the required growth phase (late-exponential phase approx. 15 h). For large-scale cultures (greater than 100 ml), 5 ml of culture of that strain was grown from a single colony in LB MC (with antibiotics) for 24 h. This was then sub-inoculated into 100 ml fresh LB MC followed by incubation for approximately 9 h to exponential phase. This culture was then sub-inoculated into the required amount of fresh LB MC at OD 600 0.1 and grown to the required growth phase. Escherichia coli cultures were grown with shaking (200 r.p.m.) at 378C. Initially, 5 ml cultures were grown in the presence of the relevant antibiotic from a single colony isolated from an LB agar plate overnight. The culture was then sub-inoculated into fresh LB at OD 600 0.1 and grown to the required growth phase.
For growth of S. meliloti in nitrogen-limited M9 [25, 32] , 5 ml cultures were grown in LB MC for 24 h, the cells were pelleted by centrifugation (8000g) and resuspended in nitrogen-limited M9. This suspension was inoculated into fresh nitrogen-limited M9 at OD 600 0.5, followed by incubation to the required growth phase.
Antibiotics were used at the following concentrations: streptomycin 500 mg ml -1 , neomycin 200 mg ml -1 , gentamicin 50 mg ml
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, spectinomycin 100 mg ml -1 and kanamycin 50 mg ml 21 . For S. meliloti transductions, the phage fM12 was used [33] ; for E. coli, phage P1 was used [34] .
Sedimentation screen
The different strains were assessed for aggregation by monitoring of sedimentation. The bacterial strains Bacteria, large spherocylinders; exopolysaccharide, small spheres. Dashed lines around the bacteria are zones of depletion or excluded volumes and represent the volume that is not accessible to the centre of mass of a given polymer after it has been secreted into the medium. As bacteria come closer together, these excluded volumes overlap (as shown in grey shaded zones; (a)). When bacteria aggregate, this volume then becomes available to the succinoglycan, increasing its entropy and maximizing the entropy of the system. As shown in (a), a greater volume is made available to the succinoglycan if cells align laterally (cells A and B) rather than end-on (cells B and C), so lateral alignment of cells would be expected to be favoured if a crowding mechanism is occurring. (Online version in colour.)
were grown to the required growth phase in the medium indicated in the figure legends. One millilitre of the culture was then transferred to a cuvette, which was covered with Parafilm and incubated for 24 h at 308C without shaking. Images were acquired using a digital camera (Nikon). Percentage aggregation was measured as previously described [16, 35] . Briefly, OD 600 of the upper phase was measured when the culture was added to the cuvette and again after 24 h. Percentage aggregation was calculated using
Sedimentation was also screened for cultures in the presence of exoS mutant supernatant. A 10 ml lateexponential phase exoS mutant culture was centrifuged at 8000g for 5 min. The resulting supernatant was removed and filter sterilized through a 0.2 mm pore filter. Strains of S. meliloti to be tested in the presence of the exoS supernatant were grown to late-exponential phase, 1 ml was then centrifuged at 13 000g for 2 min and the pelleted cells were dispersed in the exoS supernatant. As a control, each strain was also centrifuged at 13 000g and then resuspended in its own supernatant. The sedimentation screen was then carried out as detailed above.
The aggregation of Rm1021 was also tested in the presence of the exoS supernatant after the cells had been heat-treated. Late-exponential phase cultures of the parent strain Rm1021 and the exoS mutant were heat-treated by incubating the cultures at 608C for 3 h. Cell viability was assessed by counting colony-forming units (CFU) per millilitre before and after heat treatment. A sedimentation screen was then performed.
Microscopy
For phase contrast microscopy, cultures of the strains required for observation were grown to the required growth phase and 5 ml was spotted onto glass slides, with a coverslip. Coverslips were sealed with clear nail varnish. Phase contrast microscopy images were taken with a Â100 oil immersion phase contact lens. All phase contrast microscopy was carried out on a Carl Zeiss Axioscope microscope and Axiocam using METAMORPH software.
Confocal microscopy was carried out with an inverted microscope (Nikon TE300) coupled to a BioRad radiance 2100 scanning system using a Â60 water immersion lens. Images were acquired by scanning the samples with optimal settings for green fluorescent protein (GFP) (488 nm excitation argon laser line and 505 nm long-pass emission) and using LASERSHARP v. 2000 software. Images were subsequently processed using IMAGEJ v. 1.40 g software [36] .
Cultures of S. meliloti strains expressing GFP from the pHC60 [37] plasmid were grown to late-exponential phase and transferred into chambered coverglass slides containing a borosilicate glass base 1 mm thick (Lab-Tek Nunc; no. 155411) and incubated without shaking at 308C for the time indicated. To reduce evaporation from the chambers, incubation was carried out in humidified Petri dishes.
Quantification of succinoglycan production
by the anthrone -sulphuric acid assay Succinoglycan was purified from culture supernatants by precipitation by cetrimide (hexadecyltrimethylammonium bromide) and quantified using the anthronesulphuric acid assay [38] . Three 10 ml S. meliloti cultures for each strain were grown to the required phase. The cultures were then centrifuged for 1 h at 13 000g. The supernatant was removed and 0.3 volumes of 1 per cent cetrimide was added to precipitate the succinoglycan. The precipitate was pelleted by centrifugation at 13 000g for 1 h and re-dissolved in 1 ml of 10 per cent NaCl. This was then diluted 1 : 10 in a total volume of 2 ml in a test tube and assayed by the anthrone -sulphuric acid assay. Acetone (0.5 ml) was carefully layered on the top of the sample. Sulphuric acid (5 ml) was then added to the test tube, which was mixed slowly until a floc of anthrone appeared. The samples were then vortexed briefly and placed on ice for 5 min. Absorbance was measured at 620 nm. A standard curve was generated from glucose ranging from 0 to 40 mg ml -1
. Succinoglycan production was normalized to OD 600 of the culture.
Isolation and purification of succinoglycan
Isolation of succinoglycan was adapted from a previous method [39] . A 500 ml culture of the exoS mutant was grown to late-exponential phase in M9. This was centrifuged at 13 000g for 1 h. The supernatant was then treated by ultrafiltration with an ultrafiltration filter disc with a molecular weight cut-off of 300 kDa (Millipore). Overnight proteinase K treatment at 378C was followed by ultradialysis with at least 1 l of de-ionized water. The resulting solution was then lyophilized and stored at 2208C. Solutions were made in phosphate-buffered saline (PBS) or to the required concentration from the dried material. Purity of the sample was assessed by UV spectrophotometry and the Bradford assay; the purified succinoglycan contained no DNA and less than 1 per cent protein, consistent with previous work [39] . For each concentration of cells used, a control with no added polymer was also made. The cuvettes were then sealed with Parafilm and incubated without shaking for 24 h at 308C. The degree of aggregation and rapid sedimentation was assessed by visual observation of the cuvettes after 24 h of static incubation. To find the limiting polymer concentration, the cuvettes were diluted by first mixing the contents of the cuvette, then removing 100 ml and adding 100 ml of fresh PBS. After each dilution, the cuvettes were incubated without shaking for 24 h before visual observation to determine the amount of polymer at each cell concentration below which no rapid sedimentation was observed during this time.
RESULTS
The Rm1021 exoS mutant exhibits enhanced aggregation
In a bacterial culture, autoaggregation of cells leads to enhanced sedimentation and phase separation of the cultures, which results in the cells collecting at the bottom of the culture vessel, leaving a clear supernatant [14, 16] . We used this phenotype to screen S. meliloti Rm1021 exopolysaccharide biosynthesis mutants for altered aggregation. Strains were grown in LB MC (LB supplemented with 2.5 mM CaCl 2 .2H 2 O and MgSO 4 .7H 2 O) to lateexponential phase, transferred to cuvettes and incubated for 24 h without shaking (figure 2). Most of the strains, including the parent strain Rm1021, remained In contrast, exoS and exoR mutants were both found to sediment at much higher rates: all the cells had sedimented to the bottom of the cuvettes after 24 h, leaving a clear supernatant. We take this as indicative of autoaggregation, which gives rise to cell clusters with significantly enhanced sedimentation speed.
Enhanced aggregation in the exoS mutant is due to succinoglycan
The exoS mutant is a gain-of-function mutant that overproduces succinoglycan and also has lost motility owing to downregulation of flagella synthesis. The exoR mutant is a loss-of-function mutant that has exactly the same phenotype [25, 40, 41] . Because of the similarities in phenotype, and because the exoR mutant was less well understood at the start of this study compared with the exoS mutant, we chose to focus on the exoS mutant. We hypothesized that overproduction of succinoglycan was the cause of the exoS phenotype. However, it was unclear as to why the parent strain Rm1021 and the mutant strains capable of producing succinoglycan did not appear to differ from the strains incapable of producing succinoglycan (exoY and exoB mutants), which all remained as stable, turbid cultures (figure 2). Therefore, to test whether succinoglycan overproduction was the cause of the exoS mutant phenotype, an exoSexoY double mutant was constructed. This mutant cannot produce succinoglycan owing to loss of ExoY, but still shows any other effects that may result from the exoS gain-of-function mutation. A DfliF mutant, which lacks flagella and is immotile (data not shown), was used as a control to investigate whether loss of flagella alone could result in aggregation (see table 3 for a summary of these strains).
We measured the concentration of succinoglycan in cultures grown to late-exponential phase in LB MC . As has been found previously, the exoS mutant overproduced succinoglycan when compared with the parent [25] , as well as the DfliF mutant, and strains carrying an exoY mutation, which cannot make succinoglycan [23, 42] (Rm1021, 0.07+0.15; exoY, 0.15+0.22; exoS, 50.78+16.54; exoSexoY, 0+0.11; DfliF 0.31+0.06 mg glucose equivalents ml -1 culture + s.d., n ¼ 3). A comparison of the sedimentation rate and aggregation of these strains showed that the exoSexoY double mutant and the DfliF mutant sediment at the same rate as Rm1021, whereas the exoS mutant has enhanced sedimentation and aggregation, which was confirmed by microscopy ( figure 3a-c) . This suggests that in the exoS mutant the overproduction of succinoglycan leads to aggregation.
As succinoglycan is an exopolysaccharide, it is secreted into the medium rather than remaining attached to the cells and can therefore be washed away from the cells through centrifugation. As such, the supernatant from an exoS culture will contain succinoglycan. To confirm whether enhanced sedimentation in the exoS mutant was due to overproduction of succinoglycan, cultures of all the strains were centrifuged, and the resulting pellet of cells was re-dispersed in the supernatant from a centrifuged exoS culture. Dispersion in the exoS supernatant resulted in rapid sedimentation of all the strains (figure 4a).
To upregulate succinoglycan biosynthesis in the parent strain without mutation, we next grew the strains in a minimal M9 medium lacking nitrogen. This high-carbon, low-nitrogen medium maximizes exopolysaccharide production, and has been used to isolate succinoglycan from S. meliloti cultures [19, 25] . Under these conditions, Rm1021 did indeed produce more succinoglycan (Rm1021, 35.83+5.84; exoY, 0.24+1.04; exoS, 139.69+18.38; exoSexoY, 0.84+1.03; DfliF 40.50+3.72 mg glucose equivalents ml 21 culture+s.d., n ¼ 3). After culturing the strains in this medium, cells were transferred to cuvettes and incubated without shaking for 24 h (figure 4b). The Rm1021 strain had enhanced sedimentation, compared with the exoY and exoSexoY mutants, which cannot produce succinoglycan. The DfliF mutant, which produces succinoglycan at a similar level to Rm1021, also had enhanced sedimentation. Interestingly, we observed little sedimentation of the exoS mutant in this minimal medium. So much succinoglycan was produced that the medium became highly viscous, as observed during pipetting, and this viscosity seemed to effectively prevent sedimentation during our observation window. To test whether the chemical structure and molecular weight of succinoglycan affected phase separation, we made an exoSexoZ and an exoSexoH double mutant (table 3) . The exoZ mutation results in strains that produce succinoglycan with no acetyl group [27] , and the exoH mutation results in production of succinoglycan with no succinyl group [28] . The alteration in the chemical structure of the polymers also alters the molecular weight of the polymers produced, owing to altered susceptibility of the polymer to cleavage by extracellular glycancases [43] . Compared with Rm1021, the exoZ mutant produces more low-molecular-weight succinoglycan, whereas the exoH mutant produces succinoglycan that has a higher molecular weight, and a higher degree of polymerization [43] . As with the exoS single mutant, both mutants had enhanced phase separation when compared with the parent strain (figure 4c).
exoS mutant aggregates do not have an extracellular matrix and are laterally aligned
Microscopic observation of exoS cultures in LB MC showed that the cells were forming aggregates, unlike the parent strain where the cells were dispersed singly throughout the culture (figure 3c). Phase contrast microscopy of bacterial aggregates often shows cells encased in an extracellular matrix [14, 44] . Surprisingly, however, we found that no extracellular material was visible around the exoS aggregates. Notably, the cells also had an ordered arrangement, with cells within each aggregate showing a predominantly side-by-side, or lateral, alignment. As the aggregates did not seem to be encased in succinoglycan, it seemed possible that the presence of the polysaccharide could act as a signal and cause the cells to adapt their cell surface, resulting in aggregation. As a preliminary test of this, we heat-treated Rm1021 cells to kill them (as assessed by the CFU assay; before heat treatment, 7.33Â10 9 + 1.1Â10 7 cells per ml; after heat treatment, less than 100 cells per ml), before pelleting the cells and adding the exoS supernatant. This again resulted in enhanced sedimentation and aggregation, with the cells forming aggregates of laterally aligned cells, suggesting that the enhanced aggregation caused by the presence of succinoglycan was due to a physico-chemical mechanism (figure 4d). 
Succinoglycan causes aggregation of S. meliloti through a crowding mechanism
It therefore seemed that succinoglycan, rather than encasing the cells and sticking them together ( polymer bridging), could be inducing aggregation through depletion attraction. The ordered arrangement of cells within the exoS aggregates provides support for the depletion attraction mechanism. The alignment of the cells side by side (figure 3c) maximizes the overlap of the depletion zones between the rod-shaped cells (figure 1), giving rise to the strongest depletion attraction among all possible mutual orientations of two neighbouring cells. Alternatively, side-by-side aggregation maximizes the volume available to the succinoglycan. Moreover, we found that the process shown in figure 3 was easily reversible, consistent with a depletion mechanism. Shaking of the sedimented cuvettes re-dispersed the cells, which, if left undisturbed, would again sediment. This is consistent with there being no permanent 'sticking' between the cells; aggregates formed by bridging tend to be permanent.
To understand the depletion-induced aggregation process further, we need to be more precise about the phenomenon that until now we have called 'enhanced sedimentation'. The strength of the depletion attraction in a mixture of polymers and particles increases with the polymer concentration. At low polymer concentration, small aggregates are formed that are transient: they form, break apart owing to thermal agitation (Brownian motion) and then new clusters re-form. However, at high-enough polymer concentration, depletion causes thermodynamic 'phase separation': a homogeneous sample separates into two coexisting phases with different compositions; a lower (because denser) phase with a higher concentration of particles, and an upper phase with a lower concentration of particles [45] . One way of viewing this is to say that the lower phase is the result of the formation of a macroscopically large cluster. At low overall particle concentration, essentially all the particles separate out into the concentrated phase, coexisting with a dilute phase with almost no particles. Such phase separation is the cause of the rapid sedimentation we observe in the exoS mutant (figures 2 and 3a). At any single overall particle concentration, the concentration of polymers needed to cause phase separation is sharply defined, as this is a thermodynamic phase transition point (much like the way the melting and boiling points of a molecular substance are sharply defined).
We studied the phase behaviour of different concentrations of exoY mutant upon the addition of succinoglycan purified from the supernatant of an exoS mutant culture by ultrafiltration and proteinase K treatment. exoY mutant cells were harvested in lateexponential phase and diluted to concentrations ranging from 2.5 to 20 per cent (w/v) in PBS. Various amounts of succinoglycan were added and the samples were left to incubate for 24 h without shaking. The observed aggregation and phase behaviour are summarized in figure 5b. In this phase diagram, each symbol represents a sample of given composition, and shows whether the The negative slope of the boundary separating samples that remained homogeneous from samples that have undergone significant sedimentation in figure 5b is significant: less succinoglycan is needed to cause autoaggregation in a sample with a higher concentration of cells, consistent with a crowding mechanism.
Application of xanthan to S. meliloti cultures and application of succinoglycan to E. coli cultures cause aggregation consistent with a crowding mechanism
Xanthan is a bacterial exopolysaccharide, and is structurally similar to succinoglycan, as both carry acidic groups and acetyl modifications. Thus, the addition of xanthan should bring about similar results to the addition of succinoglycan. Experiments were performed as above, whereby various concentrations of S. meliloti exoY were incubated in PBS with xanthan ( figure 6 ). Xanthan led to reversible autoaggregation (figure 6a). Again, at a higher concentration of cells, less xanthan is needed for autoaggregation to be observed (figure 6b).
To test whether the effect of succinoglycan was unique to S. meliloti, we applied purified succinoglycan to E. coli MG1655 cultures. Interestingly, the effect of succinoglycan on phase separation of the cultures was dependent on the growth phase of the MG1655 cultures; phase separation of late-exponential phase cultures was more variable than had been seen with S. meliloti, with the upper phase of the cultures often remaining more turbid (figure 7a). Escherichia coli cultures grown to stationary phase did, however, phase separate in the presence of succinoglycan ( figure 7a) . A large number of changes may occur to bacteria in the transition from exponential to stationary phase. Given the results we had seen with the S. meliloti exoS mutant, we focused on the presence of flagella. We constructed an MG1655 fliF mutant, and found that, unlike the parent strain MG1655, when the E. coli MG1655 fliF mutant was grown to late-exponential phase, the cultures did phase separate in the presence of succinoglycan (figure 7a). Phase diagrams of both stationary phase E. coli MG1655 and the E. coli MG1655 fliF mutant showed that the limiting polymer concentration for phase separation decreased with increasing cell concentration, again consistent with depletion attraction (figure 7b).
3.6. The sediment formed by the exoS aggregates has a biofilm-like structure
Confocal microscopy has been extensively used to image bacterial biofilms on surfaces. In studies on rhizobial biofilms, many have used chambered coverslides, which consist of a coverslip with culture chambers mounted on top, that are imaged using an inverted confocal microscope [11, 46, 47] . We used the same arrangement in our work as it allowed the visualization of the sediment that formed as bacteria aggregate and sediment. Rm1021 and the exoY, exoS, exoSexoY and DfliF mutants, all expressing GFP, were grown to lateexponential phase, transferred to chambered coverslides, incubated without shaking for 24 h and then imaged. The sediment formed by the exoS mutant was significantly more inhomogeneous than that formed by the other strains (figure 8a). The aggregated cells were separated by empty spaces similar to the 'water channels' that have been described in biofilms for other species. There is a predominance of lateral (side-by-side) aggregation within the structure, as had been observed by phase contrast microscopy of individual aggregates from the exoS culture (figures 3b and 8). These inhomogeneities are similar to those described for the biofilms of other species. In contrast, Rm1021 and the exoY, exoSexoY and DfliF mutants all formed a flat lawn of cells with little apparent structure. Moreover, the cells in these sediments were observed to undergo Brownian motion (small random displacements), whereas cells in the exoS sediment were more firmly fixed to each other and the surface.
To observe the formation of the biofilm-like structure over time, late-exponential phase cultures of the exoS mutant were transferred to the chambered coverslides and then imaged immediately (figure 8b). Small aggregates started to form on the coverslip almost immediately. Sedimentation and accumulation of these small aggregates at the base of the chamber eventually lead to a mature biofilm-like structure as seen in figure 8a.
DISCUSSION
In this study, we have shown that, when S. meliloti overproduces succinoglycan, the cells can aggregate in the bulk and also form biofilm-like structures on surfaces by depletion attraction. This mechanism does not require the formation of a sticky extracellular matrix, but is instead the result of the crowding effects originating from the volume exclusion between the cells and the polysaccharide. We found that, as the concentration of S. meliloti cells in a culture is increased, less succinoglycan is required to induce aggregation and rapid sedimentation of the sample. This rules out bridging owing to stickiness as the causative mechanism. In the bridging process, a larger number of cells require a correspondingly larger number of polymer bridges. In contrast, in depletion, the polymer molecules (succinoglycan) push out the cells by 'crowding'; thus, at higher cell concentration, less polymer is needed for phase separation, as observed here (figure 5b) and in model systems in which the operation of the depletion mechanism is not in doubt (for review, see [45] ). For completeness, we note the presence of cells in our culture that are still in the process of dividing, and as such have not fully separated (see figure 3c) . For the purposes of depletion physics, these 'twins' behave as cells that are twice as long, giving a bimodal length distribution. It is known that the physics of colloid-rod mixtures with bimodal length distributions, where the longer component is less than approximately three times the length of the shorter component, is not qualitatively different from that of a system in which the length distribution is monomodal [48] .
Depletion attraction may be a widespread phenomenon in bacteria producing exopolysaccharides. Exopolysaccharides are secreted into the medium [19, 20] ; therefore, in a laboratory or industrial culture or in a natural confined environment, a high concentration of nonadsorbing polymers can accumulate. Furthermore, in the majority of bacterial species, the outer cell surface carries a net negative charge, militating against electrostatic attraction with the majority of exopolysaccharides, which are anionic polymers [19] . Under these circumstances, depletion attraction between the cells is inevitable. We have previously demonstrated this to be the case using synthetic polymers: the addition of high enough concentrations of sodium polystyrene sulphonate (an anionic polyelectrolyte) to cultures of E. coli indeed brought about depletion-driven autoaggregation and rapid sedimentation [49, 50] . In the present work, we have also shown that addition of a different bacterial exopolysaccharide, xanthan, to S. meliloti cultures results in similar phenomenology that is consistent with depletion, lending further support to the hypothesis that depletion attraction may be ubiquitous in bacterial cultures. As part of this mechanism, the cells form an ordered structure of laterally aligned cells, which enhances the depletion attraction. The ability of depletion attraction to provide a mechanism for self-organization has been shown to have a role in the organization of organelles in eukaryotes [51] and the stacking of thylakoid membranes in the chloroplasts of plant cells [52] . However, we found that, as well as forming aggregates in the bulk, the exoS mutant can form structures similar to the biofilms described in other species, suggesting that depletion attraction can also result in the organization of cells into biofilm-like structures. We used chambered coverslides, whereby the base of the culture chamber forms a coverslip, to visualize biofilm formation, as this allowed us to visualize aggregates as they sedimented. Chambered coverslides have also been used in studies of R. leguminosarum [11] , S. meliloti [46] and X. campestris [47] biofilms. We found that the exoS mutant forms an inhomogeneous structure, consisting of interlinked aggregates separated by gaps that are characteristic of the 'water channels' described in many biofilms. The speed with which aggregates appeared on the base of the chamber suggests that depletion attraction may also drive the interaction between cells and a surface as well as between surfaces of cells, as these initial aggregates are unlikely to be due to sedimentation. We calculate that a single cell sediments only approximately 20mm in 10 min (appendix A). Instead, initial aggregates are probably the consequence of the depletion attraction between cells and the flat surface of the bottom of our observation chamber. The depletion mechanism giving rise to an effective attraction between two cells also operates between a cell and a flat surface (for the colloidal analogue, see [53] ). This attraction leads to a layer of cells at the surface with enhanced density. The usual depletion mechanism between cells still operates within this layer, and can give rise to aggregation within the surface layer of cells [54] . This is probably the mechanism for the formation of the initial surface inhomogeneities observed in figure 8b. Sedimentation of aggregates formed in the bulk then contributes to the later build up of the biofilm-like structures formed by the exoS mutant as shown in figure 8a. We are now carrying out further experiments to test this hypothesis.
The role of flagella in this process remains unclear. When exoS supernatant or succinoglycan was added to Rm1021 cultures, cells could be observed swimming between aggregates (data not shown), suggesting that motile cells may be able to overcome the depletion attraction and leave the aggregates. Sinorhizobium meliloti possesses up to five peritrichous flagella, and a study of S. meliloti L5-30 suggested that up to 40 per cent of cells did not possess flagella in exponential phase, with the number increasing to over 60 per cent by stationary phase [55] . It is interesting that the ExoS protein positively controls succinoglycan biosynthesis while negatively regulating flagella biosynthesis. It may be that the aggregation of cells by production of succinoglycan and depletion attraction requires downregulation of flagella. This hypothesis is supported by the data from adding succinoglycan to E. coli MG1655 cultures. In this case, E. coli in late-exponential phase separated in the presence of succinoglycan, but with a turbid upper phase still present, whereas in S. meliloti there was a clear upper phase. However, adding succinoglycan to stationary phase cultures of E. coli MG1655 gave phase separation more consistent with what is observed with S. meliloti. Flagella are known to be downregulated in the transition to stationary phase [56] . Consistent with this, we found that an E. coli MG1655 mutant that lacks flagella phase separated in the presence of succinoglycan in lateexponential phase, suggesting that flagella may have a prominent role in depletion-driven bacterial aggregation, just as has been suggested for biofilm formation generally. Indeed, very recently, experiments, theory and simulation show that the presence of flagelladriven motility weakens the depletion interaction, so that more polymers are needed to cause phase separation; the flagella themselves may also serve as 'steric stabilization', hindering the formation of large clusters [57] . The reasons for the difference in behaviour of late-exponential phase S. meliloti and E. coli in the presence of succinoglycan are still being investigated. It is possible that S. meliloti cultures possess a greater proportion of non-flagellated cells that provide nuclei on which further aggregation can occur.
Many species of bacteria live in confined environments (water droplets, marine detritus, inside host cells, etc.) as part of their life cycles. If these species secrete exopolysaccharides, then the depletion mechanism will inevitably come into operation as polymers accumulate. Future studies will address the role of this potentially ubiquitous phenotype of depletion-induced aggregation in bacterial biology.
We model individual S. meliloti cells as ellipsoids with a ¼ 0.35 mm and b ¼ 0.85 mm, so that the denominator in j is very close to unity. We therefore use the approximation j % 4phb. We expect an ellipsoid to sediment with its long axis parallel to gravity. In the steady state, the drag force is balanced by the gravitational force on the cell, which is given by f G ¼ DrVg, where g ¼ 9.8 m s
22 is the acceleration due to gravity, V ¼ 4pa 2 b/3 is the volume of the cell modelled as an ellipsoid and Dr % 80 kg m 23 [59] is the density difference between the cell and the buffer. Equating f D and f G , we obtain the sedimentation speed u ¼ Dra 2 g 3h ;
which works out to be 33 nm s 21 using parameters already quoted.
